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A b.vtract ‘1’wo multi-bocly  drop tests were
conducted to proviclc data to calibrate and
verify a multi-body dynamics Conlputcr
model, which was the major analytical tool
used to study the cnlry, dcsccnt  and landing
(1;1 )1,) of the Mars l’athfindcr  miss ion .
A g,cncral  summary of the tests and important
features of the simulation mdcl arc prcscntcd
in I his paper. God corrclaticm bet wccn test
ICsults and analytical prcclicticms \\,cj’c

achicvcd.  ‘1’his ccmfirmcci  the  va l id i ty  and
accuracy of the mdcl used for a subsequent
cxtmsivc  Mmtc Carlo effort to study the
dynamics of Ihc 10)1, umlcr various spacccrafi
configurations and Mar t ian  cnvironmcmtal
conditions.
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1. lNrJItOl)II(:llON”

Mars ]’athfinclcr  is a $150 million unmamccl
Mars cxploraticm  mission clcsignccl  by the .lct
l’repulsion 1,aboratory  to deliver a lamlcr,
cal ncra and  illstrlllllcllt-laclcll r o v e r  to tbc
h4artian  surface  on !luly 4 ,  1997. ‘1’hc
spacccraf[ is sc.hcclulcd  to launch from Cape
Canaveral in 1 )cccmbcr 1996.

1:1)1.  ,%ft Landing AppromlI

‘1’0 m e e t  t h e  missim  rcquircmcnts [1], a
soldli st icatcd  and unconventional atmospheric
entry, dcsccnt  and lancling  approach has bcm
dcvclopcd.  As allimatcd  in l;igurc  1, after tbc
spacccraf[ enters the Mars atmospbcrc,  a
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J~arachutc will bc clcploycd to slow dcsccnt,
and the hcatshicld  will bc jcttismccl when it is
no ]ongcr nccclcci.  As tbc rest ofthc spacecraft
parachutes down, the lamlcr will bc lowcrd
by a 20-meter bridle from the backshcll  ad
the rocket’s braking systcm will engage. ‘lhc
bridle will then bc cut, releasing tllc lanclcr
surrounded with inflatccl  airbags  for a soft
landing  on the Martian surface.

AW1. nytlmlic  Simld[ltiofl

]n order to prove the 111)1, ccmccpt and to
prcclict  the systcm pcrformancc, an end-to-end
multi-body dynamic simulation of the entire
111 )1, scquencc,  l;i~urc 1, has bccII performed
using thi Al )AMS’program  12,3]

l;igurc  1. 1 !.1)1, ])ynamic Simulation
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SiIKX  Ibc Mars l’atbfinder  1 H )1, simulation is
csscmtial  to the mission success, the dynamic
mode] USCCJ  in the simulation was verified by
mode] comlatim  usinf< the data from two
multi-body systcm drop icsts:

●  I i ] ) ] /  SyStClll  ]h0J3 ‘l’CSt;
●  1 .andcr ScJ>aration  lh3J3 ‘1’cst.

2. ];])], SYST1;M 1)1/01’  ‘] ’11S’1’

‘1’hc ] ;J )1, systcm drop test was J3crformcc~  over
a  t w o  w e e k  pcriocl, f rom Scptcmbcr  28
through octobcr  12, 1995, in IIoisc, ldabo.

‘1’hc objcctivc  was to provide cxpcrimcntal
(iata to verify tbc dynamic mocJcJ  of the Mars
l’athfinclcr  10 )1, systcm in its terminal dcsccnt
configuration,

TM Cotl>gnmtion

‘1’hc test articJc cons is ted  of a J>aracbutc,
backsJ~cJl  and JancJcr, h’igurc 2a. ‘1’hc parachute
was cmstructcd  in fl igbt ccmfigurat  ion with a
fabric having  a pcrmcabi]ity  coefficient scaled
to Ihc Martian atnlosJ>bcrc.  As required by tbc
t e s t  itlstrlllllclltatioll,  the paracbutc  canislcr
had non-flight climcmions.  “lhc backsbdl  and
lander  were  in  fd l -sca le  climcnsions  to
simu]atc  their flight acrdynamics.  ‘1’bc mass
of the backshcll  and lanckr  was bad on the
3/8th scalccl Mars mass. ‘1’JIc 20-meter JoIIg
Jandcr bridle was the same as flight. ‘1’hc
]andcr bridle ])csccnt Rate 1,imitcr  (1)1{ 1,) was
a dcvcJopmcnt  test unit assembled by .JP1,.

Test lkfcm14rmmlt

‘J ‘o provide useful cJat a for the subsequent
mode] corrcJation, the following system
Icspcmsc  was mcasurccl:

● Angular positions (x,y) of backshcJl  and
]andcr;

● Angular rates (z) of backshcll  and lanclcr;
●  Accclcrations (x,y,~) of backshc]l  ancl

Jandcx;
. 1 )ownward dynamic pmswc on Janclcr;

II) addition, videos wwc taken from ground
an(l backsbcl].

]’ost  l)rocessi}tg  of Tc.vt IMci

Since only tllc Systcm I’CSJXmSC  Ulldcr 10 J IZ
was of i ntcrcst ancl the fact that the test data
was sampled at a very bigb ralc of 1 K] 1 z, the
Icst data was rcducccl  ad JmccssccJ in four
Slcps:

*

●

●

●

AJIJ>]iCd a low-pass  filter (0-1() 1 ]7.) to the
raw data;
Rcmovccl the prc- ancl pos t -events ,  ad
then samJ>lccJ  Ihc aclaal event at a rate of
2(J 11~, (’1’his rducccl  the quantity of data
by 99%.);
AppJic(i a 1 Ianning  window to the filtcrd
narrow-bancl  data;
l’crfomcd  sncclral analvscs  o n  t h e

1 .

windowc(i d a t a  using  t h e  l:asl l:ouricr
‘J’ransform (11’11’’1’) tcclmiquc.

1 )aring tbc data reduction, ii was obscrvccl that
all the al~gular data were unusabJc  due to the
p,yros hcing scvcrcly  damagccl b y  ground
impact. As a result, the an~u]ar information
had to bc rccovcrcd  from tbc video recording.

Note that tbcrc were two video camcrm
mounted on tbc backsbcl  1. Onc rccmdcd an
upward view from t h e  backsbdl  to  the
Jlaracbutc;  the olhcr  a downward view from
the backshcll  to tbc lander. l]y digitizing, the
videos, two view angles were ohtaincd,  onc
up-looking and onc down-looking.

Test A }~a[ytim!  lklodd

As shown in  ];igurcs 2b ad 2c, a tbrcc
(iimcmional  multi-bocly  dynamic. model of Ihc
test configuration w a s  dcvc]opccl for tllc
mdcl corrclalim.  ‘1’his test analytical modd,
or ‘l’AM, consisted of a disk gap-band
parac]mtc, backsbcll,  bridle  ancl lander .  ‘1’hc
‘1’AM was a modified version of tbc dynamic
modcJ used in the Mars l)atbfinclcr  10 )1,
simulation [2].

A )Ia(ysi.y  Modal Properties

‘J’hc anaJysis moclal propcrlics (natural
f’rcqucncics, damping and mcdc shaJ>cs)  were
prcdictcd  by linearizing tbc ‘1AM in two test
c.onfi~urations  [4]: (1) two-body configuration
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]Figurc 3a, ‘1’wo-lkdy l’cndulum  MOCIC
(Ilcforc 1 ,andcr Scparatim)

l~igurc3b.  l;~ltry  130dyl<otatiollal  McJdc
(13cfore I .anclcr Separation)
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l~igurc3c.  ‘I’llrcc-llody l’clld~ll~llll  Moclc
(After 1,andcr  Separation)

l~igurc3d.  ‘I’l~lcc-l](Jdy l;lbov’Mo(lc
(Af(cr 1,anclcr Separation)
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l~igurc3c.  1.andcrWristModc
(Ailcr 1.anclcr Separation)

I

l~igurc3f.  llacksllcll  Rotational  Mode
(After 1,anclcr  Separation)
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Imftm the lanclm s e p a r a t i o n ,  l:ig,urc 2b;
(2) three-bocly configuration after the lander
separation, l:igmc 2c.

‘1’hc mdc shapes prcclictcd by the ‘1AM arc
shown in l;igurcs  3a to 3f. l)uc to symmetry,
the systcm moclcs arc in pairs and only cmc of
each pair is shown. ‘J’hc dhcr is similar in
shape, but orthogonal.

Test ModaI  Properties

I;lI”J’ spectra of Ihc accclcralicm  data were
u s e d  to extract the test  modal pmpcrtics,
mainly  the natural ficqumcics  and damping.
‘1’]w Inodc  shapes WCIC cstimatccl from the
videos. A typical accdcratim  time history
and tbc corrcspondinf,  l;l:’l’ spcclrlm  a r c
illmtratcd  in l;igurc  4.

Note that the l~l~rl’  spectra of different time
segments  were  examined to iclcntify  the
sys(cl~~  l~l~~a] pr~pcrlics  for I1lC tWO lCSt

configurations mcntionccl  above: (1) 15-20 scc
time segment was usccl for Ihc two-body
configuration; (2) 40-1 ] O scc time segment
was mcd for the three-bd y cmfigurat  i cm.
‘1’hc test modal  Jwopcrtics arc listed in ‘1’able 1.
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3. Moron, CORREI,A’I’ION  NOR IN) ‘I’m’

Moss l’ropcrtieLf  Update

‘1 ‘hc first step of the moclcl corrclatim  process
was to thoroughly review and upclatc  the mass
propcrt its. ‘1’hc mass properties of each

mociclccl  bd y in the ‘1 ‘AM were updatccl
basccl  upon either the actual measured wcipl~t
or the estimates from the C;A1) model.

Since lhc frcqucncics  of lhc local lamlcr and
backshc]l mdcs arc sensitive to their own e.g.
z-coorclinatcs.  ‘1’hc Y,-coorclinatc  of the ]andcr
c.g,. was rcfinccl  by matching the frequency of
the lander wrist mode, l:igurc  3c. Aflcr the
a(ljustmcnt of the lanclcr  e.g., the backshcll
e.g. z-coordinate was updated by correlating
the frequency of tbc entry body rotational
mode, l;i[:urc 3b.

l)omping  C’ocfficimts  Adjmtmc\tt

‘j ‘o Icflcct  the high damping obscrvccl from Ihc
test data, tbc clamping of tbc ladcr wrist
moclc in the ‘1AM was increased to So/O by
adding  a rotational ciampcr.

Similar to section 4, the 1 )1{1, drap, cocflicicnt
was a~i~lstcd  frolll the prc-test va]~lc of ().()()55
to 0.0073 basccl  on the lanclcr  deployment
t imc mcasurccl from the data. ‘1’his shows that
the 1 )1<1, introduced more damping cluring  tbc
test than that prcdictccl by the prc-test ‘I AM.
As a result, there was very litllc lander
oscillation obscrvccl at the cncl of the lander
dcp]oymcllt.

It was also observed that the actual bridle
damping wm higher than that assumccl in the
p r c - t e s t  ‘lAh4, IIasccl m the amp]ituclc of
snatch acceleration at the cd of lander
dcp]oymcnt,  the bridle damping was incrcascd
to 10,000 kg/see.

A crodynamie  Model (-’orrclatiou

‘1 ‘IIC  critical parameter for parachute stability is
the aerodynamic coefficient of (lN vs. angle of
attack which determines the normal
component of aerodynamic force acting  on the
parachute.

‘1’hc primary 1 H )1, systclll dl’Op t C S t  (Iilta

al,ai Iab]c  for vcri fyillg the parachute (;N arc
the up-looking and down-looking view ang]cs.
Since the view angles  were strongly dcpcndcnt
on the backshcll  aerodynamic stability, the
parachute aerodynamic coefficient (;N was
corrclatccl after tbc backsbcll  wind t u n n e l
testing.
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II) this slucly, t h e  pamclmtc  ~~ w a s
paramctrinxl  as: (;~(cx) =- Clsin(cx)  + (;lsin2(u),
where a is the angle of attack, ad cl ancl (;2
arc two c o n s t a n t  cocfficicnk. With the
backshc]l  aerodynamic propcr(ics  known from
wind tunnc] test, a total of 336 1;1 11,
simulation nms were made with possib]c
ranges of (;l ad (;2. ‘1’hc rcsu]ts arc plollcd  in
IFigutcs  5a and 5b.

It was obscrvd  that the up-looking view angle
varid bctwccn  2 to 6 dcgrccs,  and the dmvn-
looking view at~glc  bdwccn  1 to 2.S dcgrccs.
‘1’o rcproducc the view angle ranges obscrvccl,
the combinations of cl and ~~~ had to bc
SCICCICCJ bctwccn  the contour lines of 2 and 6
clcgrccs (I;igurc 5a) and those of 1 and 2.5
dcg,rccs (l~igwc 5b). ‘1’hc sclcctcd ((~l,(~j)  s e t
was usccl 10 define the correlated parachute
acrd ynamicr m o d e ]  f o r  t h e  f i n a l  M a r s
]’athfindcr  1 ;1)1, sinlulation.

M n~ l)rcdictims  m. Test RcLYuIts

‘1’hc results arc summarized in ‘l’able 1 by
comJ>aring  tbc modal propcrlics prcclictcd b y
the corrclalcd  ‘1’AM and those identified from
the test data.

1 n genera] very god agrccmcnt  bctwccn  the
analysis and test modal properties, especially
the frequency correlation, was achicvcd.

4. 1,ANDIIX SIWARATION  lMmI’ ‘I’m’

‘1’wo ]andcr separation drop (J ,S1)) tests were
J~c~formccJ  a !  t h e  M i s s i l e  1  ;ngagcmcnl
Simulation Arena of [;hina 1,akc Naval
Wcapom  (;cntcr, (California in Scptcmbcr  and
octobcr,  1995.

‘1’hc objectives w e r e  t o  v e r i f y  that Ihc
mechanical clcviccs for the ]andcr scJ>aration
w70L11d function in their flight configuration as
W C]] as to Jwovidc Icst data to validate the
mode] used in the Mars l)athfimlcr 111)1,
simulation. (;onfidcncc in the accuracy of this
software was considcrccl  to bc critical since it
was to bc used for a subsequent Monte (~arlo
analysis to study the dynamics of the
JmJtotyJ>c  sJlacccraft WldCr VariOUS Marlian
coldilions.

‘1’able 1. IiS]) ‘1’c
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Test Cm!jiguratim

‘1’hcsc ksts w e r e  conctuctcd a t  a m b i e n t
tcmpcraturcs and pressures  in  an indoor
environment to obviate potcntia]  comp]cxitics
causccl  by wind effects.

‘1’hc set-up is shown in l~igurc 6. Prior to
scparatim  the  ]anctcr w a s  attachcct  to Ihc
IIackshcl]  lntcrfacc l’late (1111’) will]  six
separation nuts. A drag, line was cmp]oyccl  to
rcducc  the snatch force on the lanctcr  at the
Cncl  of dcploymcllt. ‘1’his drag ]inc was stored
inside a IIcsccnt Rate 1 ,imitcr (111{ 1,) in the
fcmn of a payout reel located inside the lanc]cr
and conncctcd  to a point on the backshcll  at
the other cnd. ‘1’hc lander was also comcctcd
to three points on the backshcll  by a bridle
systcm comprising a single bridle and a triple
bridle.

]~ig,urc 6. 1.andcr  Separation ]Irop ‘1’cs1  Set-uJJ

‘1’hc lander/backshcll assembly was attached to
a crane hook with three flexible parachute-]ikc
bridles. ‘J’hc crane hook was suspended on a
single cable to the ccilil~g  of the build ing,.

‘1’hc stages of ctcploymcnt  is dcscribcd  in
liig,urc 7.

‘Iwo tcs(s  were conducted. in 1,S1) ‘1’cst 1, the
backshcll/lander asscmb]y Was initially
suspend ccl vertical] y so that prior to
sc])aration, all initial velocities were zero.
]n 1,SIJ ‘1’cst 2, the backshcll/lander assembly
was pulled with a cab]c so that it was
suspended slightly off vcr(ical. ‘1’his cable was
t h e n  cut to e n a b l e  t h e  backshclMandcr

assembly to swing in a pendulum motion and
scparat i o n  w a s  i n i t i a t e d  w h i  Ic t h e  asscmbl  y

w a s  s w i n g i n g .

n.ft Mcml!rcillcllf

A string potcntiomctcr,  load CCIIS, gyros and
accclcmnctcrs  were usccl  to measure  the
fc)llowins  syslcm response during  the tests:

. Separation distance

. IIrictlc  and rcacticm forces

. ‘1’ranslationh-otational  motions and
accelerations ofthc backshcll  and lander.

Test A ua~ytical  Models

‘ 1 ’ 1 3 c  a n a l y s i s  w a s  J>crformcd  using  a
mechanical Syslcms simulation soflwarc
Al )AMS on a 111’ 735 workstation. ‘1’hc test
analytical models were based on the fllll
multi-bocly model dcscribccl in section 1.

An analytical animation of the separation
event is shown in 1 ‘igurc 8 where the
c.oordinatc  systcm is also dcfincct.

‘1’hc  modifications made for the ‘1’AM of 1,S1 )
‘lest 1 arc discussed below.

1.

2.

?. .

4.

5. .

Mass properties were a(ljustccl  to match
measured values. Up(iatcd  mass values for
backshc]l ancl lander were 104.31 kg and
175.61 kg rcspcctivcly.

All aerodynamic forces were removed
since testing was conducted indoors.

[iround boundary condition was impmcd
above the backshcl]  at the ceiling of the
buildinp,.

IIasc(i on measured dcp]oymcnt  time, drag
cocftlcicnt  of 1)1<1, was adjustccl to a value
of 0.008. ‘1’his nutnbcr  when multip]icd  by
the relative velocity of the two cnd
markers was proportional to the dl ag
force.

IIascd on the  ampl i tude  of v e r t i c a l
oscillation at the cm] of deployment, lhc

bridle damping was adjusted to a value of
8000 k g / s e e .  ‘1’hc damping fmcc w a s
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Figure 7 Deployment Sequence of BacksheI1/Lander  Assembly
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obtained by multiplying this mmbcr by
the relative velocity of the two end
markers.

6. V a l u e  of accclcratim  duc to g r a v i t y
changed to 9.806 m/scc~  to reflect 1 {ar(h
condition

‘1’hc ‘1’AM of 1,S1) ‘1’cst 2 is identical 10 the
mode] for 1,S11 ‘1’cst 1 except:

1. A side force was app]icd  10 Ihc backshc]l
to prodmc  the initial pendulum motion.
“J’hc magnitude of this force was adjusted
to match the test data.

2. IIascd on measured deployment time, drag
coefficient of 1)1<1, was adjusted  to a value
of 0.009.

5. MODEI.  CORREIJATK)N  km 1 ,S11 ‘Jlwr

]mportant  analytical and test results arc
sclcctcd for comparison in this section. ‘1 ‘hey
wi 1 I bc di scusscd separately for the two tests.

(“()~td(/ti~)l.f~r  I.LV])  ~(?~t  ]

IPigurcs  9  and  10 s h o w  mpcctivcly  t h e
vcrlical disp]accmcnl  of the ]andcr c.g, v s .
time from test and ‘l’AM. “1’hc excc]]cnt
agrccmcnt in dcploymcmt  time was obtained
by adjusting  the analytical value of the drag
COCffiCiCJlt  Of thC ])]{] ,.

‘1 h backshcl]  rotation  about the Y axis from
test and ‘1’AM is SI1OWJ] in l;igurcs  11 and 12
rcspcctivc]  y. “]’he corresponding relations
about  the  X a x i s  i s  s h o w n  in IJigurcs 1 ~ and

14.

Very good frequency corrc]ation  is obtained
for both axes for the duration of the ]andcr
dC~dOyJllCllt (t ‘= 2-12 SCC).  lior rotation about
t h e  Y  a x i s ,  Ihc prcdictccl o s c i l l a t i o n
amplitadcs arc gcncra]]y somewhat ]owcr than
those obtained from the test while for rotation
about the X axis, the amplitude corrc]ation  is
initially quite good even though  the test data
indicakd  h i g h e r  daJllpiJlg  during  the ]atcr
stages of dcp]oyJlleJll.

l~ig,urcs 15 ancl 16  show rcspcctivc]y  t h e
]andcr rotation about the X axis from test and
‘1 ‘AM. ‘1 kc diffcrcncc  in frequency bet wccn
analysis and test result is approximatc]y  8?/o.
1 ;xccl]cnt  agrccmcnt is  obtainc(i  f o r  t h e
mplitudc  of the first oscillation. 1 lowcvcr, the
higher damping cncountcrcd  duri llg test
dcp]oymcnt  rcsu]tcd in a faster decay.
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IFigurc  8. Animation for 1,S1) ‘1’cst 1
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l~igurc 22. IIackshcll  Rotation about  Y Axis
(’1AM)
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liigum  27. IJorcc in Sing]c Riwr
(1 ,s1) ‘lest 2)

‘1’hc force in the sing]c riser (cable connecting
backshc] I to cci ]ing) from test and ‘1 ‘AM is
shown in l~igures  17 and 18 rcspcctivc]y.

‘Ihc analysis prcciictcci  tbc initial force quite
accurately although tbc snatch force al the cmi
of dcploymmt  was over-predicted. ‘1 ‘hc reason
for this over-prediction may be cxp]aincci  by
tbc h i g h e r  energy  ciissiJlaticm  ciuring test
(icploymcnt.  ‘1’hc actual  clamping mechanism
inc]micci  tbe breaking of stitches connecting
Ihc brid] c to the J>ctal an(i was more complex
than the viscous model assumed in the ‘l’AM.

Gn7eldimt fiw 1S1) TM 2

l;igurcs  19 and 2 0  s h o w  rcspcctivcly  the
vertical (iisplaccment  of the lander e.g. vs.
time from test and ‘1AM. “1’hc analysis umicr-
prcdicts the time Of lan(ier deployment by
approximately 4°/0.

‘1 ‘hc backshell  rotation about  the Y axis from
test and ‘1AM is shown in liigurcs  21 anti 22
respect ivcl y. Very good amplitude ccmc]at  ion
is obtained for the first cyc]c (initial pendulum
swint.). 11 owcvcr,  the test hardware exhibited
greater energy dissipation and lhc osci]  ]atory
amp] it u(im arc general 1 y ma] lcr compared to
the analysis, particularly for tbc later stage of
(icploymmt .

l~igul es  23 an(i 2 4  sbc)w rcspcctivc]  y tbc
lamier rotalion  about Ihc Y axis from ICS1 anti
‘1’AM. 1 txccl ]cnt agrccmcnt is obtainc(i  for the
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];igurc 28. ljorce in Single Riser
(1’Ah4)

oscillatory amplitudes ancl  their variation with
tim even though tbc frequency of tbc
rmponsc is somewhat over-predi ctcd by the
analysis.

‘J’hc ]an(icr rotation about the X axis from test
and ‘1’Ah4 is shown rcspcctivc]y  in ]~igurcs  25
and 26. ‘1’hc analysis accurately predicts the
initial pcndu] um motion, but over-predicts
both the amplitude and ficqucncy of the
response during, dcp]o ymcnt.

‘1’hc force in tbc single  riser (cable comcctin~:
backshc!i to ceiling) from test and atlalysis  is
shown ]Fip,urcs  27 ami 28 rcspcctivc]y.  As for
1 ,S1) ‘lest 1, tbc analys is  prc(iicts the initiai
force quite accuratc]y  although tbc snatc]l
force at tbc cmi of deployment was ovcr-
prc(iictcd,

6. (:ONC1, US1ONS

As cicscribc(i  in sections 3 and 5, in general
very good ag,rccment bctwccn  the analytical
prcdictims  an(i test results was achicvcd  by
model correlation. As a result, the ciynamic,
nmicl  u s e d  in tbc M a r s  l)athfindcr  1{1)1,
simulation was successfully vali(iatcci.

‘1’hc t e s t  vcrifie(i mmicl w i l l  bc uscci to
dcvc.iop  a (iynamic model for the final cn(i-to-
cnd h4ars l)athfimicr  1;1 )1, s imula t ion .  “1’hc
simulation results will bc rcviewe(i to assess
tbc h4ars l’athfincicr 1;1 )1. system performance.
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